Abstract
Introduction

46
Running is complex movement which requires precise inter-segmental coordination to 47 create forward momentum. Given the integrated nature of running, it is possible that poorly However, before interventions can be developed to address abnormalities in pelvis and spinal 52 movement, it is important to develop a clear biomechanical understanding of the coordination 53 between the spine and pelvis during normal running.
54
We suggest that there are two constraints which will play a pivotal role in determining 55 coordination patterns between the pelvis and spinal segments. In the sagittal and frontal plane 56 we suggest that coordination patterns will develop which will minimise excessive changes of 57 momentum in the anterior-posterior (AP) and medio-lateral (ML) directions respectively. It is 58 likely that this strategy, suggested as a mechanism for minimising energy consumption, 59 (Heise & Martin, 2001 ; Williams & Cavanagh, 1987) , will lead to anti-phase coordination 60 between the pelvis and thorax. This is because rotational movements of the pelvis in either 61 the sagittal or frontal planes during stance will require a rotation of the thorax in the opposite 62 direction to minimise displacement of the centre of mass (CoM).
63
Rotations of the pelvis or trunk in the transverse plane will not displace the CoM. 
83
The primary objective of this paper was to explore specific ideas around the 84 coordination of the pelvis and spine during running and to interpret these ideas in the context 85 of CoM motion. In order to address this objective, experimental data describing the three-86 dimensional kinetics of the thorax, lumbar spine, pelvis and lower-limbs were collected from 87 a cohort of human subjects during over ground running. These data was then used to test a 88 number of specific hypotheses relating to the coordination between the thorax and pelvis 89 during stance phase. We hypothesised that there would be an anti-phase relationship between 90 the pelvis and thorax in the sagittal and frontal plane during stance. In the transverse plane,
91
we hypothesised that motion of the pelvis would lead motion of the thorax demonstrating a 
Subjects and experimental set up
98
A cohort of 28 subjects (16 male) participated in the study. The mean (SD) age of the 99 subjects was 28 (4) years, mean (SD) height 175 (9) cm and mean weight 63 (9) Kg. Ethical 100 approval was obtained from the Local Ethics Committee before data collection and all 101 subjects gave informed consent to participate in the study. For each subject, kinematic data 102 were collected for the pelvis, thoracic spine, lumbar spine, lower limbs and feet. Each subject 103 ran along a 32m running track at a target speed of 3.9 ms -1 whilst data were collect using a 104 12-camera Qualisys Pro-reflex system (240Hz segments were the same as described in our previous repeatability paper analysis (Mason, et 128 al., 2014) and are therefore only reviewed briefly in the text below.
129
The anatomical coordinate system for the lumbar spine was aligned with the pelvic 
140
Motion of the thoracic spine was tracked using three markers, mounted on a rigid proximal and distal diameters equal to the segment diameters.
164
Right and left contact phases were identified from the force platform data and a 165 second right initial contact (RIC) obtained using a pattern recognition algorithm (Stanhope, 
Results
198
In the sagittal plane, all three segments displayed a biphasic pattern, in which there In the frontal plane, the pelvis was laterally tilted away from the stance limb (i.e. pelvis-only motion.
230
FIGURE 3 ABOUT HERE
231
In the transverse plane, the thorax rotated towards the contralateral leg during stance. trajectory of the pelvis appears to follow a similar pattern to that of the thorax (Figure 1i ).
236
However, during early stance the pelvis rotates towards the stance limb before starting to which will facilitate the generation of forward momentum (Novacheck, 1998) . 
296
Gluteus medius has been shown to be active prior to foot contact and for the most of suggested that motion of the thorax is driven passively by motion of the pelvis. However, our data shows that the thorax reaches its peak angular velocity earlier than the pelvis, indicating 314 that thorax motion is not completely passively driven by pelvic movements.
315
The pelvic rotation observed in our study matches the patterns observed in previous analysing the relative transverse plane motion between the thorax and the pelvis (Figure 3c ).
334
This figure shows that, from midswing until early stance, the thorax moves from a rotated to limitation of this study was that we investigated a single running speed. However, data on 364 multiple running speeds was deemed to be outside the scope of this paper and is therefore 365 presented in a subsequent publication.
366
Conclusion
367
This is the first study to provide an underlying biomechanical rationale for the 368 coordination pattern between the pelvis and thorax during running in all three body planes.
369
The data showed an anti-phase relationship between these two segments in the sagittal and 
